Abstract
INTRODUCTION
Microalgae culture systems show a versatility that allows them to participate in different processes, such as wastewater treatment, production of animal Author to whom correspondence should be addressed.
food, production of fertilizers, and production of common and fine chemicals (De la Noüe and De Pauw, 1988) . The wastewater treatment by micro-algae cultures has a major advantage. It does not generate additional pollution when the biomass is harvested and it allows efficient recycling of nutrients (De la Noüe et al., 1992) . The use of several microalgae and cyanobacteria in wastewater treatment is known (Calzada et al., 1991; Cañizares et al., 1994; De la Noüe et al., 1993; De la Noüe and Proulx, 1988; Serodes et al., 1986; Oswald, 1988) .
Our aims were: to find microalgal species with a high efficiency of ammonia and phosphorus removal, and to compare the efficiency of the removal in two bioreactor types, cylindrical and triangular. We studied the potential of two Chlorophyceae: Chlor-ella vulgaris and Scenedesmus dimorphus. The importance of Chlorophyceae and the above micro-algae for nutrient removal is known (Cañizares and Casas, 1991; Chevalier and De la Noüe, 1985; Lav-oie and De la Noüe, 1985; Serodes et al., 1991) , but not for the type of wastewater used in this study.
METHODS

Microalgae
Wild strains of Chlorella vulgaris Bejerinck and Scenedesmus dimorphus (Turp.) Kütz were isolated from a secondary effluent of a wastewater treatment stabilization pond. They were identified by micro-scopic observation according to the descriptions of Chlorophyceae in the literature. The characteristics of the wastewater in the pond are given in Table 1 .
Culture media
Two sterile synthetic media were used to mantain the cultures. The medium for Chlorella vulgaris con-tained (g/1): KNO 3 , 25; MgSO 4 .7H 2 O, 10; KH 2 PO 4 , 259 P I I : S 0 9 6 0 -8 5 2 4 ( 9 7 ) 0 0 0 2 9 -1 (Bischoff and Bold, 1963) . To eliminate bacteria and protozoa, the wastewater was filtered using a S and S 595 paper filter (0.45 µm), 185 mm in diameter (Schleicher and Schuell, Germany) and sterilized by autoclaving for 20 min. A 1:1 dilution of the waste-water with fresh water was necessary to reduce turbidity. The diluted wastewater was used throughout this study. The percentages of ammonia and phosphorus removal were calculated from the diluted cultures.
Incubation
To determine the nitrogen and phosphorus removal from wastewater by the microalgae, batch cultures were carried out in two types of bioreactors: a 4-1 cylindrical glass (working volume of 21) and a 50-1 triangular acrylic (30 1 working volume). The triangular bioreactor had dimensions of 60x70x33 cm (W/L/H). At the bottom tip, it had an aeration system composed of a silicone tubing with holes connected to ambient air supply. The microalgae inoculation volume (suspended in microalgae growth media) in each bioreactor was 10% (v/v), with an initial concentration of approx. 2x10 6 cells/ml. All the cultures were incubated at ambient temperature (20±2°C) under continuous fluorescent illumination (60 µmole/m 2 /s) and bubble-aerated by a commercial aquarium pump.
Analytical determinations
Ammonia and phosphorus removal were followed by analyzing 45-ml samples taken every 24 h. The first determination was made 144 h after beginning the culture. Each sample was centrifuged for 15 min at 1800 x g to eliminate the algae. Ammonia nitrogen, nitrates and total phosphorus were determined according to standard methods (AWWA-APHA-WPCF, 1990).
Experimental design and statistical analysis
Every experiment was composed of three independent but otherwise similar cycles. Each cycle lasted 216 h for each microalga in each bioreactor type. Samples for analysis were taken in triplicate for every determination. Results of the three cycles were combined and used for statistical analysis. Statistical analysis was done by One-way Analysis of Variance (ANOVA) at P≤0.05. Data were converted to arcsin before analysis.
RESULTS AND DISCUSSION
As a result of the nature of the wastewater used, variations in nutrient removal probably can be attributed to the impossibility of having similar initial nutrient concentrations for each cycle. Nevertheless, as noted by Cañizares et al. (1994) , this variety of concentrations permitted the establishment of removal efficiency percentages.
Scenedesmus dimorphus always removed signifycantly more NH 3 from the wastewater than C. vulgaris in the 4 -1 cylindrical bioreactor. However, at the end of each cycle (after 216 h) the percentage removed was the same (Fig. 1) . In C. vulgaris cultures, the nitrate levels in the wastewater increased from 5 to 45 mg/1 after 144 h and stayed at this level thereafter. This phenomenon did not occur with S. dimorphus (data not presented). Phosphorus removal efficiencies obtained by the two microalgae in a 4-1 bioreactor were statistically similar. The removal ranged from 20% after 144 h to 55% after 216 h (data not shown). Our results showed lower efficiencies of phosphorus removal by C. vulgaris and S. dimorphus than those reported by Lavoie and De la Noüe (1985) for other microalgae, such as the 75% for S. obliquus and 71-90% for Phormidium (De la Noüe and Proulx, 1988) .
The efficiencies of C. vulgaris removal of ammonia and phosphorus were compared in cylindrical vs triangular bioreactors. In the triangular bioreactor, C. vulgaris removed more NH 3 than in the cylindrical bioreactor. After 216 h of incubation, the efficiency removal was equal [ Fig. 2(a) ]. How-
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Efficiency of ammonia and phosphorus removal trast, Proulx et al. (1994) determined higher phosphorus removal efficiencies (57%) than ours, in a triangular bioreactor during Phormidium bonheri cultivation.
In tropical countries like Colombia (having an excess of freshwater caused by heavy rainfall, over 10,000 mm annually, in some regions), agricultural reuses of the treated wastewaters are unlikely to occur as there is no shortage of irrigation water in the country. However, disposal of less contaminated wastewater will have a major benefit for environmental pollution control. The current disposal method nationwide is a direct disposal of untreated wastewater into the waterways and streams.
In conclusion, the two microalgae wastewater treatment systems present a good option of biological tertiary treatment of agroindustrial wastewater. Both species showed a fairly high ammonia-removal efficiency, comparable to those obtained in other studies with cyanobacteria like Phormidium and Spirulina, and a moderate phosphate removal. ever, the cylindrical bioreactor was more efficient in removing PO 4 3-than the triangular bioreactor. There, no removal of PO 4 3-occurred [ Fig. 2(b) ]. The depletion of ammonia and increase in nitrates in the microalgae wastewater culture cannot be exclusively attributed to nitrogen conversion. Other mechanisms capable of eliminating ammonia are nonbiological, such as air-stripping, absorption and sedimentation. In intensively-aerated microalgal syste-ms, like ours, the air-stripping mechanism seems to be the most important. In addition, microalgal photosynthetic activity in all culture systems 16 raised the temperature to 27-28°C and the pH to 9, thus improving the airstripping phenomena (Talbot and De la Noüe, 1993) .
The removal efficiency of ammonia by S. dimorphus in our study was higher than that documented for S. quadricauda by Chevalier and De la Noüe (1985) , who reported a removal efficiency of only 23.31%. However, the results we obtained with C. vulgaris and S. dimorphus are similar to Phormidium bonheri efficiency (95%) [De la Noüe and Proulx, 1988] .
There are two major ways to remove phosphorus from wastewater: (i) direct cellular absorption under aerobic conditions, and (ii) sedimentation to anoxic conditions. Phosphorus removal in our, study under aerated conditions can be explained by its interaction with the nitrogen in the water. Because nitrogen is the limiting nutrient factor in the medium, the phosphorus concentration will still be high even after ammonia exhaustion. This leads to a saturation in the phosphorus cellular absorption mechanisms (Chevalier and De la Noüe, 1985) . In our study, in spite of the high oxygenation rate, the absence of a sedimentation zone in the bioreactors prevented phosphorus chelate precipitation. In con-
